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ABSTRACT The cyclic lipodepsipeptide, syringomycin E, when incorporated into planar lipid bilayer membranes, forms two
types of channels (small and large) that are different in conductance by a factor of sixfold. To discriminate between a cluster
organization-type channel structure and other possible different structures for the two channel types, their ionic selectivity
and pore size were determined. Pore size was assessed using water-soluble polymers. lon selectivity was found to be
essentially the same for both the small and large channels. Their reversal (zero current) potentials with the sign corresponding
to anionic selectivity did not differ by more than 3 mV at a twofold electrolyte gradient across the bilayer. Reduction in the
single-channel conductance induced by poly(ethylene glycol)s of different molecular weights demonstrated that the aqueous
pore sizes of the small and large channels did not differ by more than 2% and were close to 1 nm. Based on their virtually
identical selectivity and size, we conclude that large syringomycin E channels are clusters of small ones exhibiting
synchronous opening and closing.

INTRODUCTION

Multilevel conductance states have been found for manyluctance of these channels, were strongly dependent on the
different types of ion channels (Geletyuk and Kazachenkoapplied voltage. When SRE was added to one side of the
1985; Fox, 1987; Meves and Nagy, 1989; Schreibmayer etnembrane, a positive potential on that side induced channel
al., 1989; Wateras et al., 1991, Larsen et al., 1996). Howepening, resulting in an exponential increase in the mem-
ever, for many of these channels, the nature of these mubrane conductance. A shift of the voltage polarity from
tiple states remains obscure. It is possible that there existspositive to negative induced channel closing, which resulted
common mechanism for generating multilevel conductancén a double-exponential decrease in the macroscopic con-
states that may be independent of the particular structuraluctance of the membrane over time. The conductance
features of a given channel. Use of artificial bilayer lipid induced by SRE increased with the sixth power of SRE
membranes (BLMs) modified by an appropriate channektoncentration, suggesting that at least six monomers are
former offers a promising approach to the study of thisrequired for channel formation.
phenomenon. Here we report that in addition to the primary type of
Syringomycin E (SRE) is a cyclic lipodepsipeptide (Fig. channel reported in the previous paper (Feigin et al., 1996),
1) produced by certain strains of the phytopathogenic bacSRE also forms channels of about a sixfold lower conduc-
terium Pseudomonas syringae pv. syring&inden et al., tance. These channels are referred to here simply as “large”
1971, Gross et al., 1977; Takemoto, 1992). SRE forms iorand “small” channels, respectively.
channels in lipid bilayers (Feigin et al., 1996). lon channels The current work aims to discriminate between two pos-
formed by SRE in lipid membranes can serve as an apprasibilities: 1) whether the large channels are a result of
priate model system for studying the mechanisms of theaggregation of small channels, leading to their synchronous
cluster organization and voltage-gated conductance of bicspening and closing, or 2) whether large and small channels
logical cell membrane ion channels. correspond to two altogether different structures that are
Feigin et al. (1996) reported that SRE forms ion channelglistinct in aqueous pore size and other transport parameters.
with weak anion selectivity in BLMs made from 1,2-dio-  We first analyze the amplitude histograms and probabil-
leoyl-sn-glycero-3-phosphoserine in 0.1 M NaCl bathingity of appearance of SRE channels with different current
solution. The kinetics of opening and closing, and the conamplitudes at different NaCl concentrations in the bathing
solution. Second, we compare small and large channels,
, . o using the following approaches: 1) examining cation-anion
Received for publication 7 November 1997 and in final form 25 February - .
1998, selectivity of small versus large channels at different con-
Address reprint requests to Dr. Joseph G. Brand, Monell Chemical Sense%emrémOns of NaCl; 2) studying the influence of the neutral
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similarity between the two channel types, suggesting tha¥odyanoy, 1993). Syringomycin E was added to the aqueous phase at one
the large channels are clusters of the small ones. In additiofCis) side of the bilayer from water stock solutions (1 mg/mi).

the pronounced sensitivity of the relative occurrence of

large and small channels to the bulk salt concentration

suggests that the channel clusters are stabilized by an inteRESULTS AND DISCUSSION

action of the charged groups of SRE channels and those . .

portions of the membrane lipids that are exposed to th®RE ion channels at different

membrane-bathing solution. electrolyte concentrations
Several levels of current fluctuations are observed in mem-
MATERIALS AND METHODS branes modified by SRE. These various levels are visible in

sample records from different bath NaCl concentrations in

Synthetic 1,2-dioleoyl-sn-glycero-3-phosphoserine (DOPS) and 1,2-diofig. 2. Note first that at least two different types of channels,
leoyl-sn-glycero-3-phosphoethanolamine (DOPE) were purchased fror]1arge and small. are present. Second. the dwell time of the
Avanti Polar Lipids (Pelham, AL). All electrolytes were reagent grade hi her-conductil,’l channels aopears 1,.‘0 be greater than that
(Sigma, St. Louis, MO). Water was doubly distilled and deionized. Salt g g . Pp it 9
solutions for bilayer experiments were in the range of 0.03-1.0 M Naclof the |OW'er conducting ones. In addition, at low SRE
buffered by 5 mM 34{-morpholino)propanesulfonic acid (MOPS) to pH concentration<2 ug/ml, cis side only, the large channels
6.0. Syringomycin E was purified as described previously (Bidwai et al.,gre not observed (data not shown).
1987). i Fig. 3 illustrates the amplitude histograms of the SRE

Virtually solvent-free membranes were prepared as described by Mon- h l closi d at a fixed t b t
tall and Muller (1972). The membrane-forming solutions were DOPS and"'alN€l CIOSINGS measured at a fixed transmembrane poten-
an equimolar mixture of DOPS and DOPE in hexane. Two symmetricatial O_f —100 mV with different NaCl concenj[r.atlons In the
halves of a Teflon chamber with solution volumes of 1°anere divided ~ bathing solutions. A measure of the probabiliB) (y axis)
by a 15um-thick Teflon partition containing a round aperture of of the appearance of a particular channel type was calcu-

~100um diameter. Hexadecane mhexane (1:10, v/v) was used for lated asN/N’. whereN is the number of current transitions
aperture pretreatment. A pair of Ag-AgCl electrodes was used to maintain di ' t ticul duct Adis th
membrane potential and to detect current fluctuations. “Virtual ground"CorreSpon Ing 10 a parficular conauctance, IS the

was maintained at thzans side of the bilayer. Hence positive voltages total number of transitions? is directly proportional to the
mean that thesis-side compartment is positive with respect to thens  probability of finding a closing of a channel with a given
side. Positive currents are therefore those of cations flowing froroigtie level of current. From Fig. 3 it follows that

the ransside. . _ _ 1. There are at least two peaks of current amplitude at
The cation-anion selectivity was determined by measuring the potential . . . .
of zero current after formation of a twofold gradient of NaCl across theeaCh eleCtrO|yte Concentrathn in the bathmg SOIUUOO'
bilayer. The higher salt concentration was on tieside. 2. At low NaCl concentrations (0.03 and 0.1 M) (Fig. 3,
Poly(ethylene glycol)s (PEGs) (Aldrich Chemical Co, Milwaukee, Wl) A andB) the ratio of the mean value of the second peak to
were added to the 0.1M NaCl/MOPS buffer solution to achieve a 20%that of the first peak is equal te'6; however, at the high
(w/w) concentration. PEG solution was added to both halves of the chamNaC| concentration (1_0 M) (Fig. G), this ratio falls to~2,
ber after the membrane had been formed and modified by SRE. A potential . . .
of —150 mV was used throughout all experiments with PEG solutions. and.the, number of channels with a gnltary current amp“tUde
Histograms were constructed from current amplitude changes at chann@8f Six times that of the small ones is extremely small. The
closings that were induced by negative voltage. For each current level theespectiveP value for these large channels is equal to 0.004.
current amplitude histogram was fitted by a Gaussian distribution. The fit 3. The relative number of large channels decreases with
Kv/laAs) carried out using Origin software (Microcal Software, Northampton,an increase in NaCl concentration, whereas the relative
All experiments were performed at room temperature. A detailed de—number of small channels increases (,See also Fig. 2)'
scription of methods used for membrane preparation and single-channel N general, the appearance of multiple levels of current
data analysis may be found elsewhere (Teeter et al., 1990; Bezrukov arfuctuations may be a result of the virtually simultaneous
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Routinely, statistical independence of ion channels is
A tested by comparing experimentally obtained histograms to
a binomial distribution. An amplitude histogram is usually
plotted as the number of counts in a narrow window around
a particular current level as a function of the absolute value
of this level. Such analysis determines the probability that
one or several channels are open at the same time. If the
channels are statistically independent, then the relative area
under thenth peak should be close to the relative probability
found from a corresponding binomial distribution for
channels being open simultaneously.
In the case presented here, the histograms in Fig. 3 have
a different statistical meaning. Instead of describing the
probability of findingn channels open simultaneously, the
area under theith peak represents the probability of
I 2 pA channels closing simultaneously: that is, closing within the
time T equal to the resolution time of our measurement. The
corresponding experimental event is perceived as a closure
of a larger channel. We wish to discriminate between a
synchronous closing of several small channels organized
into a cluster, and a random coincidence of several closings
masked by the limited time resolution. If the channels are
B statistically independent, then their closings are also statis-
tically independent events. The probability of finding ex-
actly n events (channel closings) within a timeat the
average rate of evenisis given by (Rice, 1954)

(o

Pn n!

exp(—vT) Q)

Therefore, the relative probability of findingindependent
channel closings, defined as the ratio to the probability of
finding one channel closing, is

P, (vt
P, nl @)

5s Given an average rate of channel closing of 0.5-2/s and
a time resolutionr = 0.1 s, we expect that the ratio of the
20 pA probab?l?ty of two channels clpsing simultaneously to the
probability of one channel closing would be equal to 0.025—
0.1. The ratio of the area under the second p&gktf the
area under the first pealkS( obtained from the results
e o SOSROPE a3 o SR ot A n e Fig 6 is equal 0 012, which is close to
salt concentration and negative appliedgvoltag()ﬁ(t 0.1 M NaCl, —100 ur es.tlmate for statistically independent Channel?' T.hIS
mV. The concentration of SRE in the bathing soluticis €ide only) was analysis therefore suggests that the second peak in histo-
5 ug/ml. (B) At 1 M NaCl, —100 mV. The concentration of SRE in the gram Fig. 3C corresponds to random simultaneous closings
bathing solution ¢is side only) was 7ug/ml. Currents were filtered at of two small channels.
30 Hz. For the large channels, which have a current that is six
times higher, such an explanation is not viable. The exper-
random opening and closing of several independent charimental ratio ofSy/S, is equal to 6x 10~ * (whereS; is the
nels that have equal conductance. Based on probabilitgrea under the peak corresponding to the large channels),
analysis, we have determined that aM NacCl) this as- whereas the valuBg/P, calculated according to Eq. 2 is in
sumption is, in fact, a likely explanation for the appearancehe range of 4< 10~ " to 4 X 10 *°. The difference between
of channels that have twice the unit current (9.4 pA) of thethe experimental and theoretical values is more then three
small channels. However, as the following analysis sugorders of magnitude, indicating that the large channels can-
gests, this assumption is not an appropriate explanation farot be viewed as a random coincidence of the closing of six
the appearance of the large channels. independent small channels.
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For the more dilute bathing solutions (Fig. 8,and B),
the areas under peaks corresponding to the small and large
channels are close to each other in value, and the ratio of the
mean of the second distribution to the mean of the first
distribution is equal to 6. The calculations according to Eq.
2 for these salt concentrations givePg/P, ratio several
orders of magnitude less than the experimental ones. Again,
these calculations suggest that the large channels are not the
result of stochastic coincidences of opening or closing of six
independent small channels. These results indicate that the
large and small channels are either two sets of channels with
altogether different structures or are a result of a synchro-
nized opening and closing of six small channels organized
into a single conducting unit.

lon selectivity of large and small channels

If a large channel consists of six small ones organized into
a conducting unit, it is reasonable to expect that cation-
anion selectivities of the large and small channels should be
practically the same. Earlier it was demonstrated that bilay-
ers made from DOPS/DOPE and modified by SRE express
an anion selectivity throughout a broad range of NacCl
concentrations in the bathing solutions (0.01-1 M). In ad-
dition, the transfer numbers for Cl(t;-) decreased with
increasing NaCl concentration,() (0.83—0.70) (Kaulin et

al., 1997; Schagina et al., 1998). Here we report that at each
given concentration gradient, all conductance levels have
the same ion selectivity (identical reversal potentials).

Fig. 4 shows records of the transmembrane current in the
presence of a twofold electrolyte gradient across the bilayer
(0.1 M NacCl,cisside; 0.05 M NaCltransside) at both—50
mV and —8 mV transmembrane potentials. The absence of
any mean current or current fluctuations-a8 mV trans-
membrane potential indicates that all conductance levels
have the same ion selectivity. Indeed, if the two types of
channels had essentially different selectivity, we would
have observed current jumps corresponding to opening or
closing of small channels, or the closing of large channels.
Such current jumps are never observed at this potential. In
addition, the zero current potential remained the same dur-
ing the experiment and did not depend on the value of the
integral membrane conductance. These findings allow us to
conclude that the large and small channels have the same
anion-cation selectivity.

Data such as those shown in Fig. 4 allow a quantitative
estimation of the difference between reversal potentials for
small, Eg, and largeE, , channels. Simple circuit consider-
ations for a parallel arrangement of small channels with
integral (total) conductanc@g, and for the large channels

in the bathing solutionsA) 0.03 M NacCl; 8) 0.1 M NacCl; C) 1 M NacCl.
The P is calculated a®\/N’, whereN is the number of current downward
fluctuations corresponding to a particular conductance,Nind the total

FIGURE 3 Amplitude histograms of current fluctuations measured atnumber of fluctuations.A) N’ = 104; B) N’ = 493; (C) N’ = 1041. The
—100 mV transmembrane potential and different electrolyte concentrationgiembranes were made from DOPS/DOPE.
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A reversal potentials for the small and large channels do not
differ by more than 3 mV.

The observations of 1) identical anion selectivity of the
small and large channels, as well as 2) integer multiple
values of current fluctuations for these channels, may indi-

SRE cate that the large channels are clusters of the small ones.

0 PA we=tit Effect of water-soluble polymers on conductance
of large and small channels

Additional evidence supporting the hypothesis of the cluster
W organization for the large channels has been derived from
_]0.5pA sizing of the channels by water-soluble polymers. This
2 method allows one to size individual pores by using the
change in the channel conductance that is induced by high
concentrations of neutral polymers such as poly(ethylene
glycol)s (Krasilnikov et al., 1992; Bezrukov and Vodyanoy,
B 1993; Korchev et al., 1995; Parsegian et al., 1995; Bezrukov
et al., 1996; Desai and Rosenberg, 1997).

Fig. 5 displays samples of single-channel recordings in
the absence and presence of PEG in the membrane bathing
solution. Data of this figure show that the addition of PEG
200 reduced currents of both types of channels, whereas the
addition of PEG 1500 had no effect on either of the con-
ducting states. When a similar experiment was carried out
with PEG 3400, an increase in the current fluctuations was
S0mvV ————— — observed. To compare the degree to which these nonelec-
. . _ . trolytes permeated the channel pore, we measured the ratio
FIGURE 4 Representative experiment demonstrating the determination L
of ion selectivity of the membrane modified by SRE g&/ml) in the of the channel conductance after PEG addition to the chan-
presence of a twofold electrolyte gradient across the bilayer (0.1 M NacinN€l conductance before PEG addition. The dependence of
cis side; 0.05 M NaCltrans side). @) Records of the transmembrane this ratio on the PEG molecular weight is shown in Fig. 6.
current at both—50 mV and —8 mV transmembrane voltagesB)(A Fig. 6 illustrates that for ethyleneglycol, PEG 200, and
drawing showing values of the applied potential. PEG 300, the effect on channel conductance is close to that

seen with the bulk solutionir{terrupted line$. This obser-

vation indicates that these nonelectrolytes easily penetrate
with integra| Conductancel_7 show that the spontaneous the SRE channels. Solutes PEG 400-1000 are also small
opening or closing of a single large channel with conduc-€nough to enter the channels, but large enough to display
tanceg, would produce (in the measuring circuit) a current repulsive entropic interaction with the channel walls. As a
responsedi that is related to the differences in reversalresult, the concentration of PEG inside the channel de-

-8mV

potential by the following expression: creases and the conductance ratio grows.
The reason for the rise in channel conductance in solu-
5i = (E, — Eo g Gs 3) tions that contain PEGs with hydrodynamic radii that are
S G+ Gg either comparable to or larger than the channel radius itself

is due to the fact that PEG binds water molecules, thereby

Then the upper estimate for the possible difference in rei'ncreasing the activity of ions in the bathing solution

versal potentials for the large and small channels can b‘(aBezrukov and Vodyanoy, 1993).
written as To analyze the above results quantitatively (Bezrukov et
G, + Gg al., 1996), we assume that the polymer/weight-dependent
|E. — Ed = [(81)mi 9. Ge (4)  reduction in the single-channel conductankg(w), is pro-
L portional to the polymer partition coefficierp(w),
where|(8i) i is the amplitude of the smallest detectable
long-lived stepwise deviation in the current from its zero Ag(w) = p(w) ®)

value (the fragment pf the.record in FigAdcorresponding  gnd that the partition coefficient itself, defined as a ratio of
to —8 mV). The ratio of integral conductances from the e ayerage monomer density inside the pore to that in the

large and small channels in the experiment illustrated in Figmembrane bathing solution, can written in the form
4 is close to 1. Usin{(8i) i, =3 X 10 **Aandg ~ 2 X
10 ' S, we obtain|Es — E,| < 3 X 1072 V; that is, p(w) = exp(—(W/wo)®) (6)
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4 pA FIGURE 6 The dependence of a PEG-induced channel conductance

change on the polymer molecular weight. Hydrodynamic radii of the
polymers obtained from viscosity numbers or diffusion coefficients (Kuga,
1981) are presented on the top axis. The solid line corresponds to the
unchanged channel conductance. The dashed line corresponds to the ratio
of bulk conductivities of the solutions with and without polymedstted
linesindicate the standard deviation). Solid and dotted curves through the
data show the conductance ratio calculated from polymer partitioning that
obeys Eq. 6 (see text).

Fitting Egs. 5 and 6 to our data as described elsewhere
(Bezrukov et al., 1996), we obtaims = 1.14x 10° Da and
as = 1.26 for the small channels, ang, = 1.16x 10° Da
anda, = 1.22 for the large channels. Corresponding plots
are shown in Fig. 6 as solid and dotted curves. Because of
the near identity of parameters obtained for the small and
large channels, these two curves are indistinguishable.
______________________________________ - The results presented here allow two general conclusions.
First, the addition of solutes to the membrane bathing so-
lution changes conductance of the large and small channels
in the same way. Therefore the sizes of the two types of

1s channels are indistinguishable from each other. Second, it
_I 0.5 pA can be tentatively concluded that radii of the large and small
channels are approximately equal to 1 nm.

Comparison of the results presented here to data from the
F'GURtE tﬁ Eff;‘:EOflad(g\ixon ?jf diffelfleg)t QS'ECU;W WelighFPEGSI Cf’t”tthe a-toxin channel (Bezrukov et al., 1996) shows that the ideal
currents through [he fargeif ana sma channess. From 1eft1o  molymer molecular weight found in the present study is
fight: control (ho PEG added), PEG 200, PEG 1500, PEG 3400. about 0.52 times smaller than that feitoxin (1150 versus
2200). Taking into account that the linear size of the PEG
random coil scales approximately as a square root of its
Herew, is the ideal polymer molecular weight separatingweight, this observation suggests that the radius of the SRE
the penetrating and entropically excluded polymerss a  channel pore i3/0.52~ 0.72 times smaller than the radius
parameter characterizing transition sharpness. Considering the a-toxin pore. Available estimates for this radius
only entropic effects, the partition coefficient can be ex-(Krasilnikov et al., 1992; Olofsson et al., 1988) support the
pressed through the free energy of polymer confinement ivalue of ~1 nm for the SRE channel. Interestingly, parti-
a pore,Fonp as tioning of PEG into thea-toxin channel pore exhibits a
much sharper transition between penetrating and excluded
p(w) = exp(—Fconi/KT) (7)  polymers, givinge = 3.1. The reason for such a significant
difference in sharpness of the conductance ratio/PEG
wherek is the Boltzmann constant anl is the absolute weight curves fora-toxin and SRE (compare Bezrukov et
temperature. A comparison of Egs. 6 and 7 clarifies theal., 1996, and Fig. 6) is not clear at the moment. This
meaning ofw,: the energy cost of transferring a polymer of difference may reflect deviations of the SRE channel pore
this molecular weight from the bulk solution into the chan- geometry from a right cylinder, suggesting a conical shape
nel pore equals onkT. for the SRE channel.
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A pore radius of~1 nm has been obtained from osmotic P
protection studies of erythrocytes modified by SRE (Hutchi-
son et al., 1995). That study showed that the addition of
PEG with radii greater than 1 nm fully protected erythro-
cytes from the lytic effect of SRE.

A similar value of channel radius for SRE has also been
calculated from a recently developed theoretical approach 0.4-
(Schagina at al., 1998). This analysis allows estimation of a
channel radius based on the experimental dependence of
transfer numbers on the electrolyte concentration in the
bathing solution.

The agreement in pore size from among such diverse
approaches argues for the validity of our channel radius
estimation. The fact that both types of channels have the
same sieving size supports the hypothesis that the large
channels are clusters of the small ones.

0.61

50 7.0
I, pA

FIGURE 7 Amplitude histograms of current fluctuations measured in

On the mechanism of cluster stabilization: membranes from DOPS at100 mV transmembrane potential and 0.1 M
NaCl in the bathing solution. THe s calculated as described in the legend

lipid effects to Fig. 3,N’ = 299.

From Fig. 3 one can see that the probability of the appear-

ance of large channels decreases with an increase in salt i
concentration in the bathing solution. The following con- c@/culated the charge on the channel wall as being equal to
sideration is useful in understanding this phenomenon. AcON€ €lectron charge. This value is an order of magnitude
cording to earlier data, it may be assumed that a channel @maller than the charge value expected from purely struc-
formed by six molecules of SRE (see Feigin et al., 1996)tural considerations (i.e., 12 electron charges). This appar-

and, therefore, has 12 positive charges (Fig. 1). One can al&t discrepancy may be resolved by assuming that the

assume that a certain number of lipid molecules are incharge on SRE molecules involved in the channel structure

volved in forming the channel structure, because of electrolS compensated for, for the most part, by the charge of the
id molecules adjacent to the channel. This observation

static interactions of these charges with the negative chargé@ ! . .
on the lipid polar heads. If so, the interactions betweerpUPPOItS the premise for the above-mentioned Coulombic

different single channels via intermediate lipid moleculesNteraction between neighboring small channels. Although
may stabilize SRE/lipid clusters containing several smalfn€ evidence reported and discussed above strongly supports

channels. The synchronized opening and closing of severd€ Proposed hypothesis, further research is needed to de-
small channels organized in such a cluster provide th¥©loP @ detailed cluster model.

integer multiple conductance of the large channels that is

seen in our experiments. Obviously, the probability of ob-cONCLUSIONS

serving these clusters will diminish with increasing salt o ) o
concentration. This must result from an inevitable decreasé- Statistical analysis of currents through lipid bilayers
in the stability of the large channels due to a screening of théduced by SRE shows that this antibiotic forms two types
electric field of the SRE charges. of channels with a sixfold difference in conductance.

Such an explanation for the cluster stabilization is sup- 2. The identical ion selectivities of the two types of
ported by additional observations obtained in experimenté’ha””?'& together with indistinguishable effects of solutes
with bilayers of varying lipid composition. Fig. 7 shows that O their conductance, suggest that the large channels are
an increase in the negative charge of the membrane lipidgusters of the small ones. o
promotes two effects. First, other conditions being equal, 3- Channel sizing by water-soluble polymers indicates
the probability of observing channel clustering increasedhat the radii of the channel_ aqueous pores in both small and
when the lipid composition of the bilayer is changed from'arge channels are approximately equal to 1 nm. _
DOPS/DOPC mixture (Fig. B) to pure DOPS (Fig. 7). 4. The decrease in the relative probability of observing

Second, the conductance of the channel decreases in bila{i’9€ channels with an increase in bulk electrolyte concen-
ers with increased negative charge. tration suggests that the clusters are stabilized by an inter-

Moreover, the charge on the channel (calculated from th@ction of charges of membrane lipids and SRE channels, oth
above-referenced data on the dependence of the transf@teast partly exposed to the membrane-bathing solution.
number on the bath salt concentration; Schagina et al.,

1998) is significantly smaller Fha}n that ex_pECted from therhis study was supported in part by the Russian Fund for Basic Research
structural formula of the antibiotic. Schagina et al. (1998)97-04-49623 (to LVS); by a grant from the Department of Veterans Affairs
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JYT); by National Institutes of Health grants DC-00356 (to JGB) and exclusion chromatography. Chromatogr.206:449—461.
DC-01838 (to JHT), and by the Utah Agricultural Experiment Station Larsen, E. H., S. E. Gabriel, M. J. Stutts, J. Fullton, E. M. Price, and R. C.
(project UTA 607). Boucher. 1996. Endogenous chloride channels of insg@tc8ll. Evi-
dence for coordinate activity of small elementary channel udit&en.
Physiol.107:695-714.
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